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2standing the manner in which quarks compose baryons
is essential to a complete understanding of QCD [16].
In contrast to conventional calculations of chiral non-
analytic structure, SU (3)-avor violations in both meson
and baryon masses are accounted for in the following.
These are particularly important for K-meson dressings
of hyperons where the baryon mass splitting can be pos-
itive or negative, suppressing or enhancing contributions
depending on whether the intermediate baryon is heavier
or lighter respectively.
Hence, the purpose of this study is three-fold:
1. To provide the rst calculation of the leading non-
analytic behavior of quark-sector contributions to
baryon magnetic moments in full, quenched and
partially-quenched QCD.
2. To extend previous calculations to include both me-
son and baryon mass splittings in SU (3)-avor vi-
olations.
3. To introduce a new method for calculating the chi-
ral coeÆcients of quenched and partially-quenched
QCD which is rapid and transparent, allowing com-
plete exibility in the consideration of quark con-
tributions to baryon form factors.
In the process, we will see that it is possible to separate
valence- and sea-quark contributions to baryon form fac-
tors in full QCD and in quenched QCD. Moreover, it will
become apparent that the technique and most of the re-
sults may be applied to other baryon form factor studies
in general.
Sec. II presents the essential concepts for isolating
and calculating sea-quark loop contributions to baryon
properties and proves the technique via a considera-
tion of baryon masses. The derivation of the quenched
chiral coeÆcients for the quark-sector contributions to
the quenched magnetic moments of octet baryons is de-
scribed in Sec. III. The technique provides a separation
of magnetic moment contributions into \total" full-QCD
contributions, \direct sea-quark loop" and \valence" con-
tributions of full-QCD. The latter are obtained by re-
moving the direct-current coupling to sea-quark loops
from the total contributions. Upon further removing
\indirect sea-quark loop" contributions, one obtains the
\quenched valence" contributions, the conventional view
of the quenched approximation. We will use the quoted
terms for reference to these contributions in the following.
Sec. III also accounts for both baryon mass and meson
mass violations of SU (3)-avor symmetry. The quenched

0
gives rise to new nonanalytic behavior [5] and this is
briey reviewed in Sec. IIID.
A comprehensive examination of the individual quark-
sector contributions to octet baryon magnetic moments
is presented in Sec. IV. General expressions are accom-
panied by numerical evaluations to identify channels of
particular interest. Partially-quenched results are pre-
sented in Sec. V. Sec. VI provides a summary of the
highlights of the ndings.
II. QUENCHED BARYON MASSES
A. Formalism
The SU (3)-avor invariant couplings are described in













































































































































The following calculations are simplied through the use
of the corresponding interaction Lagrangians [21]. The

























































































































3The octet meson-baryon couplings are expressed in terms
of the F and D coupling coeÆcients as follows:
f
NN




































































































This relation between nucleon octet and singlet couplings
is commonly used in QPT calculations to estimate 
0
couplings to octet baryons.
In the following, numerical estimates are based on the
tree-level axial couplings F = 0:50 and D = 0:76 with
f

= 93 MeV. We focus on the leading-nonanalytic be-
havior which provides the most rapid variation in baryon
magnetic moments.
B. Baryon Mass
To calculate the quenched chiral coeÆcients, we be-
gin by calculating the total full-QCD contribution in the
limit where the  and 
0
mesons are taken to be degener-
ate with the pion. In the quenched approximation, quark
loops which otherwise break this degeneracy are absent.
The quark ow diagrams of Fig. 1 illustrate the processes
which give rise to the LNA behavior of proton observ-
ables. Table I summarizes the contributions of the -,
-, 
0
- and K-cloud diagrams of Fig. 1 labeled by the
corresponding quark-ow diagrams. Summation of these
couplings and incorporation of the factors from the loop
















The separation of the meson cloud into valence and
sea-quark contributions is shown in the quark-ow di-
agrams labeled by letters. To quench the theory, one
TABLE I: Meson-cloud contributions of Fig. 1 in full QCD. 
and 
0
masses are set degenerate with the pion in anticipation
of quenching the theory.
























































TABLE II: Sea-quark-loop contributions of Fig. 1.















































































must understand the chiral behavior of the valence-quark
loops of Figs. 1(a), (d) and (f) and the sea-quark loops of
Figs. 1(b), (c), (e), (g), (h) and (i) separately. If one can
isolate the behavior of the diagrams involving a quark
loop, then one can use the known LNA behavior of the
full meson-based diagrams to extract the corresponding
valence-loop contributions.
For example, Fig. 1(b) involves a u-quark loop where
no exchange term is possible. Thus the u-quark in the
loop is distinguishable from all the other quarks in the
diagram. The chiral structure of this diagram is therefore
identical to that for a \strange" quark loop, as illustrated




or p ! K
+
) provided the
\strange" quark in this case is understood to have the
same mass as the u-quark.
Similarly, the corresponding hadron diagram which
gives rise to the LNA structure of Fig. 1(c) is therefore
the K
0
-loop diagram of Fig. 1(i), with the distinguish-
able \strange" quark mass set equal to the mass of the
d-quark. That is, the intermediate -baryon mass ap-
pearing in the K
0
-loop diagram is degenerate with the
nucleon. Similarly, the \kaon" mass is degenerate with
the pion.
The sum of the rst two lines of Table II provides the
contribution of diagramFig. 1(b). The third line provides
the contribution of Fig. 1(c). Similar arguments allow
4FIG. 1: The pseudo-Goldstone meson cloud of the proton and associated quark ow diagrams.
one to establish the remaining loop contributions to the
light-meson cloud. Summing the couplings of Table II
indicates sea-quark-loops contribute a term
  (9F
2










to the LNA behavior of the nucleon such that the net














in agreement with the formal approach of Labrenz and
Sharpe [3]. We note that the kaon-cloud contributions
of Fig. 1(h) and (i) are pure sea contributions and triv-
ially vanish in subtracting sea-contributions from total
contributions as outlined above.
III. BARYON MAGNETIC MOMENTS
A. Quark-Sector Contributions to the Proton





has its origin in couplings of
the electromagnetic (EM) current to the meson propa-
gating in the intermediate meson-baryon state. In order
to pick out a particular quark-avor contribution, one
sets the electric charge for the quark of interest to one
and the charge of all other avors to zero.
Tables III through V report results for the u-quark
in the proton. The total contributions are calculated in
the standard way, but with charge assignments for the
intermediate mesons (indicated in the Charge column)
reecting in this case q
u




= 0. The extra
baryon subscripts on the meson masses are a reminder
of the baryons participating in the diagram to facilitate
more accurate treatments of the loop integral in which













with  and  indicated in the last two columns. Through-
out the following, the units of  are 
N
=GeV, such that
when multiplied by the pion mass in GeV, one obtains




The \direct sea-quark-loop contributions" indicated in
Table IV are contributions in which the EM current cou-
ples to a sea-quark loop, in this case a u quark. Using
the techniques described in Sec. II, one can calculate the
contributions of these loops alone to the baryon magnetic
moment. The Mass column of Table IV is a reminder
that the mass of the \kaon" considered in determining
5TABLE III: Determination of the total u-quark contribution to the proton magnetic moment as illustrated in Fig. 1.

































TABLE IV: Determination of direct u-quark sea-quark loop contributions to the proton magnetic moment as illustrated in
Fig. 1.




































TABLE V: Indirect sea-quark loop contributions from u valence quarks to the proton magnetic moment. Here, the u-valence
quark forms a meson composed with a sea-quark loop as illustrated in Fig. 1.



































































the coupling is actually the pion mass for Figs. 1(b) and
(e). These diagrams will contribute, even in the quenched
approximation, when disconnected insertions of the EM
current are included in simulations [7, 8, 9, 10].
Subtraction of these sea-quark-loop contributions from









Table V focuses on diagrams in which the EM current
couples to a valence quark in a meson composed with a
sea-quark loop. These are the \indirect sea-quark loop"
contributions. Subtracting o these couplings from the




Tables VI through VIII provide a similar analysis of
the d quark in the proton, where q
d





Subtraction of the direct sea-quark loop contributions of
Table VII from the total contributions of Table VI leaves





ther removal of the indirect sea-quark loops of Table VIII
provides the nal net d-quark quenched valence contri-
bution to the proton moment of +3:33m

.
Table IX describes the s-quark contributions to the
proton magnetic moment, where q
s





As there are no s valence quarks in the proton, the con-
tributions are purely sea-quark-loop contributions. The
net valence contribution is zero and there are no further
quenching considerations.
Charge symmetry provides the quark-sector contribu-














The QCD Lagrangian is avor blind in the SU (3)-
avor symmetry limit. This independence from quark
avor is manifest in Tables IV, VII and IX for the direct
sea-quark loop contributions to the proton form factor.
In each case there are three channels for the coupling,
. Indeed the u and d direct sea-quark loop contribu-
tions are exactly equal. However SU (3)-avor symmetry
breaking due to the massive s quark requires one to track
the masses of intermediate mesons and baryons, and this
introduces the K,  and  masses in Table IX.
SU (3)-avor symmetry is also manifest in the indirect
sea-quark loop contributions to the proton magnetic mo-
ment. For example, the u-quark indirect sea-quark loop
result receives contributions from each of u, d and s quark
loops in Figs. 1(b), 1(g) and 1(h). Each of these contri-
butions appearing in Table V are equal up to symmetry
breaking in the meson and baryon masses. Similar re-
sults hold for the d-valence quark of the proton in Table
VIII.
6TABLE VI: Determination of the total d-quark contribution to the proton magnetic moment as illustrated in Fig. 1.























TABLE VII: Determination of direct d-quark sea-quark loop contributions to the proton magnetic moment as illustrated in
Fig. 1.




































TABLE VIII: Indirect sea-quark loop contributions from d valence quarks to the proton magnetic moment. Here the d-valence
quark forms a meson composed with a sea-quark loop as illustrated in Fig. 1.





































TABLE IX: Determination of the total s-quark contribution to the proton magnetic moment as illustrated in Fig. 1. As there
are no s valence quarks in the proton, the contributions are purely sea-quark-loop contributions.



































The avor-blind nature of QCD makes it trivial to ex-
tend this calculation of quenched quark-sector magnetic
moments to the partially-quenched theory. As new a-
vors are introduced through the use of dynamically gen-
erated gauge elds, one simply adds the direct and indi-
rect sea-quark loop contributions evaluated here to the
quenched results, keeping track of the meson mass of the
valence-sea meson. The latter is simple to do as we have
already isolated each valence quark avor contribution to
the baryon moment. This is described in further detail
in Sec. V.
B. Quark-Sector Contributions to 
+
Tables X through XII describe the various LNA con-
tributions of the u quark to the 
+
magnetic moment
derived from Fig. 2. The total contribution of the u
quark alone is isolated by setting the charge of the s
and d quarks to zero, and otherwise using standard tech-
niques. The LNA behavior of the u-quark contribution to
the 
+







. Sea-quark-loop contributions are isolated by
using meson-baryon couplings where quark loops of u and
s quark avors (the valence avors of 
+
) are replaced by
a d quark. Table XI summarizes the direct sea-quark loop
contributions. Subtracting these contributions leaves a









in full QCD. Table XII describes
indirect sea-quark loop contributions from u valence
quarks in mesons formed with a sea-quark loop. Re-
moving these contributions provides the net quenched





The d-quark contributions to the LNA behavior of the

+
magnetic moment are pure sea in origin. Therefore
the total contributions are the sea contributions such
that the valence d-quark contributions vanish. Table XIII
summarizes the contributions.
s-quark contributions to the 
+
magnetic moment
are summarized in Tables XIV through XVI. Removal
7FIG. 2: The pseudo-Goldstone meson cloud of 
+
and associated quark ow diagrams.
of the direct sea-quark-loop contributions from the to-








in full QCD. Fur-
ther removal of the indirect sea-quark loop contributions






Charge symmetry provides the quark sector contribu-
tions to the 
 
baryon, while the 
0
-baryon results are





The SU (3)-avor symmetry of the direct sea-quark-
loop contributions to the 
+
baryon magnetic moment
is manifest throughout Tables XI, XIII and XV. How-
ever, the implementation of SU (3)-avor breaking via the
hadron masses hides the avor symmetry in the results
summarized in Sec. IV, where both meson and baryon
mass splittings are maintained. SU (3)-avor breaking
gives rise to very dierent behaviors for these contribu-
tions. This is particularly true in the common application
of holding the strange-quark mass xed while varying the




C.  and  Baryons
The derivation of the quark sector contributions to 
baryons proceeds in precisely the same manner as that for
the  baryons. As there are no new concepts, derivation
is left as an exercise for the interested reader. -baryon
results are summarized in Sec. IV.
However, the avor singlet structure of the  baryon
presents a problem to the approach described thus far.
The necessary presence of u-, d- and s-quark avors si-
multaneously, appears to require the introduction of a
fourth quark avor and its associated SU(4) couplings to
describe the disconnected sea-quark loop contributions.
Fortunately one can exploit the SU (3)-avor symme-
try relation among octet baryons. Such a relation is man-
ifest in two- and three-point correlation functions for the


































































































Note that this relation holds for any electric-charge as-
signments to the quark avors, such that individual
quark-avor contributions can be resolved.
8TABLE X: Determination of the total u-quark contribution to the 
+
magnetic moment as illustrated in Fig. 2.



































TABLE XI: Determination of direct u-quark sea-quark loop contributions to the 
+
magnetic moment as illustrated in Fig. 2.

































TABLE XII: Indirect sea-quark loop contributions from u valence quarks to the 
+
magnetic moment. Here the u-valence
quark forms a meson composed with a sea-quark loop as illustrated in Fig. 2.



































































TABLE XIII: Determination of the total d-quark contribution to the 
+
magnetic moment as illustrated in Fig. 2. d-quark
contributions are purely sea in origin such that the valence contribution vanishes.

































Of course it is essential to recover SU (3)-avor viola-
tions. To do this one begins exactly as for the proton
or 
+
described above by constructing the quark-ow
diagrams describing the one-loop meson cloud of the .
The couplings of all sea-quark loop contributions can be










are introduced to describe
the couplings of diagrams (a), (b) and (c) respectively.
Our working approximation of exact SU (2)-isospin sym-













, to be determined via
the SU (3) relation of Eq. (23). As both the light- and
strange-quark contributions to the  moment can be re-







. This is particularly easy, when
one recalls that the indirect sea-quark loop contribution
from a u or s valence quark participating in a meson con-







alone. Results are summarized in Sec. IV.
D. Quenched Exotics
The double hair-pin graph of Fig. 4 associated with
the quenched-
0
meson gives rise to new singular log(m

)
behavior in the chiral limit [5]. This logarithmic term
provides a correction to the tree-level term. The con-














  (v  q)
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, as in the quark
ow of Fig. 4(b), this integral provides the nonanalytic
9TABLE XIV: Determination of the total s-quark contribution to the 
+
magnetic moment as illustrated in Fig. 2.























TABLE XV: Determination of direct s-quark sea-quark loop contributions to the 
+
magnetic moment as illustrated in Fig. 2.

s
denotes the ss  meson.

































(D   F )
2
+0:29
TABLE XVI: Indirect sea-quark loop contributions from s valence quarks to the 
+
magnetic moment. Here the s-valence
quark forms a meson composed with a sea-quark loop as illustrated in Fig. 2. 
s
denotes the ss  meson.











































However, Fig. 4(c) indicates that the meson masses in the
double hair-pin graph need not be equal when considering

















FIG. 3: Key quark-ow diagrams for the  baryon. Diagrams











FIG. 4: Diagrams giving rise to the logarithmic divergence of
a baryon magnetic moment in the quenched approximation.
The cross on the meson propagator in (a) denotes the double
hairpin graph of the quark-ow diagrams of (b) and (c).






























Hence, for the hyperons, one must isolate the doubly-
and singly-represented quark sector couplings to 
0





















































































involving u-quarks alone at one loop. Here the u-
quark coupling is f

= (F   D), such that the 
0
u
coupling to  baryons is
p
2=3 (F  D).
To check this separation of quark sector contributions
to 
0
contributions, consider the proton. Here the contri-






























) denotes the loop integral of Fig. 4(a) for























contributions to  and  baryons may
be obtained from Eq. (28) with the appropriate quark-
avor assignments. For example, the factor multiply-









































































with the double hair-pin interaction strength M
0
 0:75
GeV [22, 23]. While this logarithmic divergence domi-
nates the chiral expansion near the chiral limit, applica-
tion of these results to the extrapolation of the quenched
proton magnetic moment [24] reveals that the curvature







This approach allows one to separate an individual
quark-avor contribution to a baryon form factor into
ve categories, namely: \total" full-QCD contributions,
\direct sea-quark loop," and \valence" contributions of
full-QCD, obtained by removing the direct current cou-
pling to sea-quark loops from the total contributions.
Upon further removing \indirect sea-quark loop" con-
tributions, one obtains the \quenched valence" contribu-
tions. Tables XVII and XVIII report the axial couplings
for these quark-sector contributions to baryon magnetic
moments.
The LNA \direct sea-quark loop" contribution is rele-
vant to disconnected insertions of the EM current in ei-
ther full or quenched QCD, whereas the LNA \valence"
contribution is relevant to connected insertions of the EM
current only in full QCD. The nal category of \quenched
valence" contributions is relevant to connected insertions
of the EM current in quenched QCD. The latter is com-
monly referred to as the quenched QCD result.
The channels denoted 
K in Tables XVII, XVIII and
in the following actually involve the propagation of an







In separating valence and sea-quark loop contributions,
the cancellation of valence and sea-quark loop octet-sss-
baryon contributions does not occur. Figure 5 provides









In the SU (3)-avor symmetry limit, Figs. 5(a) and (b)
are equivalent due to the avor-blindness of QCD inter-
FIG. 5: Quark-ow diagrams illustrating the presence of an
sss-octet baryon propagating in each of diagrams (a) and (c).
Further discussion is provided in the text.
11





intermediate state. Hence the diagramof Fig. 5(a)
also has an octet baryon propagating in the interme-
diate state. Of course, we know there is no sss octet
baryon and this problem is solved by the contribution
of Fig. 5(c) which must be equal but opposite in sign
to Fig. 5(a) when an octet baryon propagates in the in-
termediate state, thus eliminating the octet sss baryon
contribution in full QCD. In separating valence and sea
contributions, each quark ow graph must be taken on
its own such that octet baryons are not necessarily elim-
inated. Indeed, in quenched QCD, only Fig. 5(c) sur-
vives, and this quark ow graph has an sss-octet baryon
propagating in the intermediate state. To some extent
this physics has already been seen in Figs. 1(d) plus (e)
where only a decuplet baryon can contribute in full QCD,
but octet baryons provide contributions in the process of
separating valence and sea sectors.
Baryon moments are constructed from the quark sector
coeÆcients by multiplying the u, d and s results by their
appropriate charge factors and summing. For example,
















































































Tables XIX and XX report the axial couplings for the
intermediate meson-baryon channels contributing to the
nonanalytic behavior of baryon magnetic moments. We
note that upon neglecting the baryon mass splittings, one
recovers the full QCD results of Ref. [11] summarized in
their Eqs. (A.2) and (A.4), and the quenched results of
Ref. [5] summarized in their Table 2.
Table XXI reports values for the coeÆcient, , provid-








as appropriate) by quark sec-
tors with each quark avor normalized to unit charge.
Charge symmetry provides the contributions for other
baryons. Values are based on the tree-level axial cou-
plings F = 0:50 and D = 0:76 with f

= 93 MeV.
Similar results for bulk baryon moments are provided
in Table XXII. For convenience, values using the one-
loop corrected values [11] of F = 0:40 and D = 0:61 are
provided in Tables XXIII and XXIV respectively.
V. PARTIAL QUENCHING
A. Hadron Masses
The avor-blind nature of QCD makes it trivial to ex-
tend this calculation of quenched baryon magnetic mo-
ments to the partially-quenched theory. As new avors
are introduced through the use of dynamically gener-
ated gauge elds, one simply adds the direct and indirect
sea-quark loop contributions evaluated in Sec. III to the
quenched results of Sec. IV. To incorporate hadron mass
violations of SU (3)-avor symmetry, one must track the
meson mass of the valence-sea meson. As we have al-
ready isolated each valence quark avor contribution to
the baryon moment, the mass of the meson is identied
by the valence- and sea-quark mass composing the me-
son.
It should be noted that the double hair-pin graph of the

0
meson remains anomalous in the partially-quenched
theory [27]. However, the contribution of the 
0
prop-
agator is suppressed by the dierence in valence- and
sea-quark masses.
B. Sea- and Ghost-Quark Electric Charge
Assignments
There has been some discussion on the electric charge
assignments that may be applied to the various quark
sectors of partially-quenched eective eld theory [6]. In
the conventional view of quenched chiral perturbation
theory, the charges of the commuting ghost-quark elds
are tied to the valence quark charges in order to eliminate
both the direct and indirect sea-quark loop contributions
of the valence sector. Similarly, for partially-quenched
chiral perturbation theory, it is usually argued that the
ghost quarks are identical to the valence quarks, except
for their statistics.
However, it has been indicated that when the num-
ber of sea quarks matches the number of valence quarks,
more general charge assignments are possible [6]. The
idea is that when the masses and charges of the sea- and
ghost-quarks match, these contributions cancel leaving
the theory of full QCD. In this case the charges of the sea
and ghost quarks need not be related to the the valence
quarks. However, it is essential that the quark masses of
the valence and ghost sectors match, such that the in-
direct sea-quark loop contributions of the valence sector
continue to be quenched.
We have already argued in the Introduction that it is
important to provide an opportunity to include discon-
nected insertions of the electromagnetic current in the
quenched approximation. These insertions can be cal-
culated in the quenched approximation and give rise to
direct sea-quark loop contributions. It is now clear that
this goal can be realized in the formal theory of quenched
chiral perturbation theory by assigning neutral electric




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE XXI: CoeÆcients, , providing the LNA contribution to baryon magnetic moments by quark sectors with quark charges
normalized to unit charge. Intermediate (Int.) meson-baryon channels are indicated to allow for SU(3)-avor breaking in both
the meson and baryon masses. Total, direct sea-quark loop (Direct Loop), Valence, indirect sea-quark loop (Indirect Loop)
and Quenched Valence coeÆcients are indicated. The axial couplings take the tree-level values F = 0:50 and D = 0:76 with
f

= 93 MeV. Note  = 0:0004.
q Int. Total Direct Loop Valence Indirect Loop Quenched Valence
u
p
N  6:87 +4:12  11:0  7:65  3:33
K  3:68 0  3:68  3:68 0
K  0:15 0  0:15  0:15 0
d
p
N +6:87 +4:12 +2:75  0:59 +3:33
K  0:29 0  0:29  0:29 0
s
p
K +3:68 +3:68 0 0 0




  2:16 +2:16  4:32  4:32 0
  1:67 +1:67  3:33  3:33 0
NK 0 +0:29  0:29 0  0:29




 +2:16 +2:16 0 0 0
 +1:67 +1:67 0 0 0




NK  0:29 0  0:29  0:59 +0:29
K +6:87 +3:83 +3:04 0 +3:04

s







 0 +2:16  2:16  2:16 0
 0 +1:67  1:67  1:67 0
NK +0:15 +0:29  0:15 0  0:15





 0 +1:67  1:67  1:67 0

l
0      0
NK +3:68 +2:45 +1:23 0 +1:23





0 +2:45  2:45  2:45 0
NK  7:36 0  7:36  4:91  2:45




  0:29 +0:29  0:59  0:59 0
K 0 +0:40  0:40 0  0:40
K +6:87 +3:43 +3:43 0 +3:43

K 0 0 0  0:29 +0:29
d

0  +0:29 +0:29 0 0 0
K +0:40 +0:40 0 0 0




K  0:40 0  0:40  0:79 +0:40
K  10:3 0  10:3  6:87  3:43

K 0 +0:29  0:29 0  0:29

s
0 +3:83  3:83  3:83 0
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TABLE XXII: CoeÆcients, , providing the LNA contribution to baryon magnetic moments. Intermediate (Int.) meson-baryon
channels are indicated to allow for SU(3)-avor breaking in both the meson and baryon masses. Total, direct sea-quark loop
(Direct Loop), Valence, indirect sea-quark loop (Indirect Loop) and Quenched Valence coeÆcients are indicated. The axial
couplings take the tree-level values F = 0:50 and D = 0:76 with f

= 93 MeV. Note  = 0:0001.
Baryon Channel Total Direct Loop Valence Indirect Loop Quenched Valence
p N  6:87 +1:37  8:24  4:91  3:33
K  3:68  1:23  2:45  2:45 0
K  0:15  0:15 0 0 0
n N +6:87 +1:37 +5:49 +2:16 +3:33
K 0  1:23 +1:23 +1:23 0
K  0:29  0:15  0:15  0:15 0

+
  2:16 +0:72  2:88  2:88 0
  1:67 +0:56  2:22  2:22 0
NK 0 +0:10  0:10 +0:20  0:29
K  6:87  1:28  5:59  2:55  3:04

s
0  0:10 +0:10 +0:10 0

0
 0 +0:72  0:72  0:72 0
 0 +0:56  0:56  0:56 0
NK +0:15 +0:10 +0:05 +0:20  0:15
K  3:43  1:28  2:16  0:64  1:52

s
0  0:10 +0:10 +0:10 0

 
 +2:16 +0:72 +1:44 +1:44 0
 +1:67 +0:56 +1:11 +1:11 0
NK +0:29 +0:10 +0:20 +0:20 0
K 0  1:28 +1:28 +1:28 0

s
0  0:10 +0:10 +0:10 0
  0 +0:56  0:56  0:56 0

l
0      0
NK +3:68 +0:82 +2:86 +1:64 +1:23
K  0:40  0:56 +0:16  0:28 +0:44

s
0  0:82 +0:82 +0:82 0

0
  0:29 +0:10  0:39  0:39 0
K 0 +0:13  0:13 +0:26  0:40
K +6:87 +1:14 +5:72 +2:29 +3:43

K 0  0:10 +0:10  0:20 +0:29

s
0  1:28 +1:28 +1:28 0

 
 +0:29 +0:10 +0:20 +0:20 0
K +0:40 +0:13 +0:26 +0:26 0
K +3:43 +1:14 +2:29 +2:29 0

K 0  0:10 +0:10 +0:10 0

s
0  1:28 +1:28 +1:28 0
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contributions are removed while leaving direct sea-quark
loop contributions from the valence sector unaltered.
C. Examples
Consider for example the quark sector contributions to
a baryon magnetic moment in a partially quenched the-
























for the ghost- and sea-quark sectors.
1. Proton Magnetic Moment
The quenched quark-sector results for the proton are
complemented by direct sea-quark loop contributions
from the valence- and ghost-quark sectors plus both di-
rect and indirect contributions from the sea-quark sector.
As discussed in Sec. III A such loop contributions are a-
vor blind and the couplings are easily extracted from Ta-
bles IV, VII or IX for the direct contributions and Table
V for the indirect contribution. For simplicity, we will
suppress baryon mass splittings in the following. How-
ever, they may be introduced in a transparent manner.


































































denotes a -meson composed
of a light-valence and light-sea quark, and em
K
denotes
a K-meson composed of a light-valence and heavy-sea
quark. The second term is a direct u sea-quark loop
contribution associated with the valence sector, cancelled






. The third term also includes the direct u
0
sea-
quark loop contribution associated with the sea-quark
sector and originates from Table IV for Figs. 1(b) and
(e). The last two terms are indirect u sea-quark loop
contributions and originate from Table V for diagrams





















































































The LNA behavior of the proton magnetic moment in








































































We note that this nal expression agrees with that of




To clearly establish the method for constructing
partially-quenched chiral coeÆcients, we consider the 
+
hyperon. The direct and indirect sea-quark loop con-
tributions are avor blind and the couplings are easily
extracted from Tables XI, XIII or XV for the direct con-
tributions and Table XII for the indirect contribution.















































































denotes a K-meson composed of a light-
valence and heavy-sea quark and bm
K
denotes a K-meson
composed of a strange-valence and light-sea quark. The
second and third terms are direct u sea-quark loop con-
tributions associated with the valence sector, cancelled






. The fourth and fth terms also in-
clude the direct u
0
sea-quark loop contribution associated
with the sea-quark sector and originate from Table XI for
18
Figs. 2(b) and (e). The last two terms are indirect u sea-
quark loop contributions and originate from Table XII












































































denotes an s s
0
-meson composed of a
















































Thus, the LNA behavior of the 
+
magnetic moment in































































































































again in agreement with Eq. (51) of Ref. [6].
Partially-quenched results may be similarly obtained
for the remainder of the quark-sector contributions to
octet baryon magnetic moments using the approach de-
scribed here in detail. Since the results require specic
knowledge of the number and nature of dynamical a-
vors, we defer writing further specic results.
VI. SUMMARY
The diagrammatic method for separating valence and
sea-quark-loop contributions to the meson cloud of
hadrons provides a transparent approach to the calcula-
tion of quenched chiral coeÆcients. The origin of chiral
nonanalytic structure is obvious, and facilitates the in-
corporation of the correct nonanalytic structure match-
ing today's numerical simulations. In the process, the
coeÆcients for partially-quenched QCD are derived; no
new calculations are required.
The valence sector of full QCD contains the largest
coeÆcients for the leading nonanalytic behavior of mag-
netic moments. The u-quark contribution to the proton
magnetic has a coeÆcient of  11:0 for the rapidly varying
pion-cloud contribution, which is complemented further
by the kaon cloud. These are connected insertions of the
electromagnetic current in full QCD and should reveal
signicant curvature in the approach to the chiral limit.
It is also encouraging to note that the u-quark sector is
known to have relatively small statistical uncertainties
in the quenched approximation [12] compared to that for
the d quark.
The coeÆcients of the leading nonanalytic terms of full
QCD change signicantly upon quenching. Some chan-
nels still hold excellent promise for revealing the non-
analytic behavior of meson-cloud physics even in the
quenched approximation. For example, the u or d-
quark in the proton have large coeÆcients for the non-
analytic term proportional to m

, with opposite signs
respectively. Similarly, both the proton and neutron
magnetic moments have large coeÆcients surviving in
quenched QCD. Because the u-quark in the proton has
signicantly smaller statistical errors than that for the
d quark in the proton [12], the u-quark contribution
to the proton magnetic moment provides the optimal
opportunity to directly view nonanalytic behavior as-
sociated with the quenched meson cloud of baryons
in the quenched approximation. Figure 6 illustrates










) surviving in the quenched ap-
proximation.
There are other interesting opportunities. Consider
for example the s-quark contribution to the quenched 
magnetic moment. Table XXI indicates that the coeÆ-
cient of the NK contribution to the  magnetic moment
is large. Because the nucleon is signicantly lighter than
the , the NK loop can contribute enhanced nonlinear
behavior. Hence, there is a prediction of signicant cur-
vature in the extrapolation of the s-quark contribution,
even when the mass of the strange quark is held xed as
is commonly done in lattice QCD simulations. As such,
the eect is purely environmental [12, 13, 16, 17]. The ef-
fect arises from the extrapolation of light u and d quarks
in the .
The s-quark in  provides another opportunity to ob-
serve a purely environmental eect in quenched QCD.
Here the coeÆcient of the K channel is very large, again
predicting curvature in the s-quark contribution to the
magnetic moment, even when the s-quark mass is held
xed. The mass of  is less than the mass of  allowing
the kaon to provide enhanced nonlinear behavior.
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TABLE XXIII: One-loop corrected coeÆcients, , providing the LNA contribution to baryon magnetic moments by quark
sectors with quark charges normalized to unit charge. Total, direct sea-quark loop (Direct Loop), Valence, indirect sea-quark
loop (Indirect Loop) and Quenched Valence coeÆcients are indicated. Here, the axial couplings take the one-loop corrected
values F = 0:40 and D = 0:61 with f

= 93 MeV. Note  = 0:0004.
q Int. Total Direct Loop Valence Indirect Loop Quenched Valence
u
p
N  4:41 +2:65  7:06  4:91  2:15
K  2:36 0  2:36  2:36 0
K  0:10 0  0:10  0:10 0
d
p
N +4:41 +2:65 +1:76  0:38 +2:15
K  0:19 0  0:19  0:19 0
s
p
K +2:36 +2:36 0 0 0




  1:38 +1:38  2:77  2:77 0
  1:07 +1:07  2:15  2:15 0
NK 0 +0:19  0:19 0  0:19




 +1:38 +1:38 0 0 0
 +1:07 +1:07 0 0 0




NK  0:19 0  0:19  0:38 +0:19
K +4:41 +2:46 +1:95 0 +1:95

s







 0 +1:38  1:38  1:38 0
 0 +1:07  1:07  1:07 0
NK +0:10 +0:19  0:10 0  0:10





 0 +1:07  1:07  1:07 0

l
0      0
NK +2:36 +1:57 +0:79 0 +0:79





0 +1:57  1:57  1:57 0
NK  4:72 0  4:72  3:15  1:57




  0:19 +0:19  0:38  0:38 0
K 0 +0:25  0:25 0  0:25
K +4:41 +2:21 +2:21 0 +2:21





 +0:19 +0:19 0 0 0
K +0:25 +0:25 0 0 0




K  0:25 0  0:25  0:50 +0:25
K  6:62 0  6:62  4:41  2:21

K 0 +0:19  0:19 0  0:19

s
0 +2:46  2:46  2:46 0
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TABLE XXIV: One-loop corrected coeÆcients, , providing the LNA contribution to baryon magnetic moments. Total, direct
sea-quark loop (Direct Loop), Valence, indirect sea-quark loop (Indirect Loop) and Quenched Valence coeÆcients are indicated.
Here, the axial couplings take the one-loop corrected values F = 0:40 and D = 0:61 with f

= 93 MeV. Note  = 0:000128.
Baryon Channel Total Direct Loop Valence Indirect Loop Quenched Valence
p N  4:41 +0:88  5:29  3:15  2:15
K  2:36  0:79  1:57  1:57 0
K  0:10  0:10 0 0 0
n N +4:41 +0:88 +3:53 +1:38 +2:15
K 0  0:79 +0:79 +0:79 0
K  0:19  0:10  0:10  0:10 0

+
  1:38 +0:46  1:85  1:85 0
  1:07 +0:36  1:43  1:43 0
NK 0 +0:06  0:06 +0:13  0:19
K  4:41  0:82  3:59  1:64  1:95

s
0  0:06 +0:06 +0:06 0

0
 0 +0:46  0:46  0:46 0
 0 +0:36  0:36  0:36 0
NK +0:10 +0:06 +0:03 +0:13  0:10
K  2:21  0:82  1:39  0:41  0:98

s
0  0:06 +0:06 +0:06 0

 
 +1:38 +0:46 +0:92 +0:92 0
 +1:07 +0:36 +0:72 +0:72 0
NK +0:19 +0:06 +0:13 +0:13 0
K 0  0:82 +0:82 +0:82 0

s
0  0:06 +0:06 +0:06 0
  0 +0:36  0:36  0:36 0

l
0      0
NK +2:36 +0:53 +1:84 +1:05 +0:79
K  0:25  0:36 +0:11  0:18 +0:29

s
0  0:53 +0:53 +0:53 0

0
  0:19 +0:06  0:25  0:25 0
K 0 +0:08  0:08 +0:17  0:25
K +4:41 +0:74 +3:68 +1:47 +2:21

K 0  0:06 +0:06  0:13 +0:19

s
0  0:82 +0:82 +0:82 0

 
 +0:19 +0:06 +0:13 +0:13 0
K +0:25 +0:08 +0:17 +0:17 0
K +2:21 +0:74 +1:47 +1:47 0

K 0  0:06 +0:06 +0:06 0

s
0  0:82 +0:82 +0:82 0
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FIG. 6: Chiral extrapolation via the Pade of [25, 26]. The
solid curve displays the self-consistent extrapolation of the
quenched simulation results of [12], whereas the dashed curve
shows the curvature of full QCD. One-loop corrected axial
couplings are used in the Pade.
A few channels hold tremendous potential for revealing
quenched artifacts in quenched simulations. Despite the
prediction of curvature for both the s and d-quark sec-
tors of 
 
in both full and quenched QCD, the extrapo-
lation of the total 
 
-baryon magnetic moment receives
no leading nonanalytic contribution from neither the -
nor the K-meson cloud in the quenched approximation.
Similar results hold for the 
 
magnetic moment.
It is particularly diÆcult to directly determine the loop
contribution to baryon magnetic moments in numerical
simulations [7, 8, 9, 10]. As such, it is of particular in-
terest to compare the coeÆcients of the valence quark
contributions in full QCD (column \Valence" of Tables
XXI and XXII) to that for the valence quark contribu-
tions of quenched QCD (column \Quenched Valence" of
Tables XXI and XXII). Here, the u-quark in 
+
stands
out with the signicant curvature of the  and  chan-
nels completely suppressed from -4.32 to 0 and -3.33 to
0 respectively. Only the K channel has a signicant
coupling for the u quark in the quenched 
+
, but curva-
ture in this channel is suppressed by the large excitation
energy required to form the intermediate state. The u
quark in the proton is also worthy of note, with the co-
eÆcient of the rapidly-varying N channel dropping sig-
nicantly from  11:0 in full QCD to  3:33 in quenched
QCD and the kaon contribution vanishing completely.
In summary, this study of quark-sector contributions
to baryon magnetic moments in quenched, partially-
quenched and full QCD indicates there are numerous ex-
citing opportunities to observe and understand the un-
derlying structure of baryons and the nature of chiral
nonanalytic behavior in QCD and its quenched variants.
Numerical simulations of the observables discussed herein
are currently in production on the Australian Partner-
ship for Advanced Computing (APAC) National Facility
using FLIC fermions [28] which provide eÆcient access
to the light quark-mass regime. It will be fascinating
to confront these predictions with numerical simulation
results.
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